Abstract We investigated the value and degree of agreement between a sensitive four-colour flow cytometry (FC) method and bone marrow trephine (BMT) biopsy for detecting minimal residual disease (MRD) in 82 chronic lymphocytic leukaemia (CLL) cases. Concordance was 85%, with 15% of cases discrepant (six BMT-positive/FC-negative and six BMT-negative/FC-positive cases). FC-positive/BMTnegative cases had a low-level MRD by FC (0.05-0.9%), whereas BMT-positive/FC-negative cases had significant residual nodular disease. We conclude that FC and BMT biopsy are complementary investigations for MRD assessment in CLL, and both should be considered in the routine setting to assess MRD in CLL.
Introduction
The concept of minimal residual disease (MRD) in the context of chronic lymphocytic leukaemia (CLL) has emerged with improved therapy, and the goals are now moving from symptom control to eradication of all detectable disease. Recent advances, particularly the introduction of the monoclonal antibodies rituximab and alemtuzumab, have led to improved treatment responses and complete remission rates. Several groups have demonstrated that those patients who achieve an MRD-negative status have an increased progression-free survival and indeed that elimination of MRD is associated with an improved overall survival [1] [2] [3] . MRD assessment is particularly important after alemtuzumab therapy as eradication of MRD is associated with improved survival, whereas MRD-positive patients have similar outcomes to those who achieve a partial response [3] . Hence, there is a need for highly sensitive laboratory assessment of MRD.
MRD is defined as any disease detectable after treatment by the most sensitive technique available. A number of different methods can be employed for the assessment of MRD in CLL. Prior to 2000, the sensitivity of two-colour flow cytometry (FC) techniques was low. However the introduction of multi-colour FC has allowed sensitive and quantitative assessment of MRD [4] . An international standardised approach was proposed in 2007 to allow better comparison between clinical trials [4] . Approaches using allele-specific oligonucleotide polymerase chain reaction (PCR) to the immunoglobulin gene of the B cell are also highly sensitive techniques, with published guidelines on interpretation to allow standardisation of results between different laboratories [5] . Several studies have compared the sensitivity of MRD detection in CLL by multi-parameter FC and PCR techniques. Bottcher et al. demonstrated that FC and PCR are equally effective for MRD quantification in rituximabtreated CLL patients with a sensitivity of up to 10 −4 , whereas ASO IGH RQ-PCR is more sensitive for detecting MRD below that level [6] . Traditionally, response assessment in CLL has relied on bone marrow aspirate assessment, independent of biopsy findings [7, 8] . There is minimal data to assess the role of BMT biopsy in the era of sensitive and quantitative techniques for MRD assessment as detailed above. In a study of 29 CLL patients, Maloum et al. demonstrated that BMT biopsy is a less sensitive technique for detecting MRD in CLL than multiparameter FC [9] . A comparison of 110 diagnostic follow-up specimens after treatment for lymphomas (including 50 CLL patients) analysed by dual-colour FC and BMT demonstrated consensus in 88% of the CLL cases [10] . Four biopsy negative samples had disease demonstrated by flow cytometry (at MRD level), whereas two samples were positive on the biopsy but negative by FC. In a study of 114 patients with nonselected B-cell lymphomas, there was consensus between FC and BMT biopsy assessment in 89.5% of cases [11] .
This study aimed to compare the assessment of MRD by a sensitive four-colour FC method with the assessment of residual disease by BMT biopsy with immunohistochemistry in CLL patients.
Materials and methods
We retrospectively reviewed the bone marrow results of 82 consecutive patients who underwent assessment of MRD after treatment for CLL at the Royal Marsden Hospital between 2007 and 2010. We compared paired samples analysed by multi-parameter FC and by histological assessment of the BMT biopsy with immunohistochemistry. Flow cytometry was carried out using the international standardised approach [4] with antibodies targeted to CD5, CD19, CD20, CD38, CD22, CD81, CD79b, CD43, kappa and lambda (sensitivity 0.04%). The bone marrow aspirate morphology was also reviewed, and haemodilute samples were excluded from the study. The nature of residual disease on BMT biopsy was assessed by appropriate immunohistochemistry (CD20, CD79a, CD23, CD5 and CD3) to confirm the immunophenotype and to distinguish any nodular T-cell aggregates.
The patient group reflects our tertiary referral practice and comprised 49 male and 33 female patients with a median age of 61 years (range 36-87). A total of 43 patients had Binet stage C disease, 27 patients had progressive stage B and 12 patients had progressive stage A. They had received a range of different treatment regimens: fludarabine, cyclophosphamide and rituximab (n029), fludarabine and cyclophosphamide (n010), alemtuzumab (n012), alemtuzumab and methylprednisolone (n020), fludarabine, cyclophosphamide, mitoxantrone and rituximab (n 02), chlorambucil (n02) or others (n07). Overall, 43% received rituximab therapy and 39% received alemtuzumab. Prior to commencing treatment, most patients had a heavily infiltrated bone marrow as demonstrated both by flow cytometry (median 75% of bone marrow leucocytes, range 3-96%) and BMT (median 80% of total cellularity, range 23-95%).
Results
The overall concordance between the two techniques was high, with 34 patients (40%) achieving an MRD-negative status as assessed by FC and 34 patients (40%) clear of residual disease as assessed in the BMT. However, there was a discrepancy between the results attained by FC and by BMT in 15% of cases. Of these, six cases were positive in the BMT but negative by FC and six cases were negative by BMT and positive by FC.
The six FC-positive/BMT-negative cases had low-level MRD as demonstrated by FC (median 0.075, 0.05-0.9% of total bone marrow leucocytes). These patients had received FCR (n03), alemtuzumab (n01) or alemtuzumab and methylprednisolone (n 02). In contrast, in all of the BMTpositive/FC-negative cases, there was a significant amount of residual nodular bone marrow CLL infiltrates, although all patients were in clinical remission. There was a median of 5.5 (range 2-18) residual nodules per trephine (median trephine length 13 mm, range 12-15 mm) and some were of considerable size (median maximal diameter 0.26 mm, range 0.08 to 0.68 mm). All six cases with residual disease demonstrated only on BMT had exclusively a nodular pattern of infiltrate, with a significant increase in reticulin within the nodule. These patients were treated with FCR (n04), FCMR (n01) and alemtuzumab and methylpredniolone (n01). Figure 1 illustrates an FC-negative/BMT-positive case with residual nodules associated with increased reticulin. Figure 2 illustrates an FC-positive/BMT-negative case with very low-level MRD demonstrated by four-colour FC.
Although the percentage of patients achieving an MRDnegative status was identical (40%) when MRD was assessed by either FC or BMT, a further six patients had detectable residual disease when MRD was assessed using both techniques in combination as compared to either technique alone. Hence, the overall number of patients with no residual disease detected by either technique was 34% instead of 40%. At the most recent follow-up, only two of the discrepant patients have progressed, both of whom were positive by FC and negative by BMT on MRD assessment. Due to the small number of cases and short follow-up, the clinical consequence of these discrepancies remains undetermined.
Discussion
Elimination of MRD in CLL is associated with improved overall and progression-free survival [1] [2] [3] 12] . With more effective treatments available in CLL, the concept of MRD is taking on increased clinical importance. However, there is no consensus as to which is the most sensitive method to detect MRD or whether there is a need for the use of several techniques in a clinical setting. We have shown in this study an overall good consensus between FC and BMT biopsy for the assessment of MRD in CLL with agreement between the techniques in 85% of cases and discrepant results in the remaining. Those cases that were FC-positive/BMT-negative had low-level MRD as demonstrated by FC, confirming the utility of this highly sensitive technique. Such low levels of MRD may not be demonstrable on BMT biopsy when the residual leukaemic B cells are scattered in the interstitium, and demonstrating B-cell clonality by PCR or immunostaining for the Ig light chains is difficult in bone marrow sections. These cases confirm findings from previous studies suggesting that FC is a more sensitive technique than bone marrow trephine biopsy for demonstrating low-level disease [9, 10] but, as discussed later, it should not be taken in isolation.
A small proportion of cases only had MRD detected by histology, and in all six BMT-positive/FC-negative cases there was a significant amount of residual nodular disease which could be "missed" by relying solely on flow cytometry. The morphology of all aspirate samples was reviewed and it was confirmed that the samples analysed by flow cytometry were adequate in all the BMT-positive/FC-negative cases. This study clearly demonstrates the importance of performing a routine bone marrow trephine biopsy in addition to a bone marrow aspirate sample in CLL. All of the FC-negative/BMTpositive cases had a nodular pattern of residual disease associated with increased reticulin, which may prevent the successful aspiration of CLL cells. In general, when performing a bone marrow examination, the first, most particulate sample is generally used for morphological assessment and the subsequent samples for immunophenotyping, cytogenetic and molecular studies. This may reduce the sensitivity of detection of CLL cells in this type of specimen due to poor-quality, haemodilute samples. In this study, there is insufficient follow-up time to assess the clinical importance of the residual nodules. However, a previous study demonstrated that nodular PR in CLL represents MRD as confirmed by PCR [13] .
We conclude that flow cytometry and bone marrow trephine biopsy are important complementary investigations for the assessment of MRD in CLL. In the era when MRD is taking on increased prognostic importance, it can be most sensitively assessed by using both techniques in combination.
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